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PERFORMANCE  RESULTS  OF  A  SMALL - CAL I BR E 


ELECTROMAGNETIC  LAUNCHER 


1 .  INTRODUCTION 


The  rail-gun  electromagnetic  launcher  has  been  proposed  as  a  method 
by  which  electromagnetic  forces  may  be  harnessed  to  propel  projectiles  to 
velocities  from  2  to  perhaps  hundreds  of  km/s  [1,2,3].  Theoretical  analyses 
and  results  from  current  research  indicate  that  this  means  of  propulsion  is 
not  limited  by  the  velocity  of  sound  as  is  the  case  for  chemical  propellants. 
Electromagnetic  launchers  which  can  efficiently  propel  projectiles  to 
extremely  high  velocities  will  have  military  applications  in  such  areas  as 
point  defence,  anti-armour  and  anti-missile  defence.  Field  guns  may  be 
developed  with  greater  range  and  accuracy  due  both  to  higher  muzzle  velocities 
and  greater  control  over  muzzle  velocity.  Other  research  also  indicates  that 
large  payloads  may  be  launched  by  electromagnetic  means  to  have  uses  in 
surveillance  and  supply  delivery,  and  in  the  case  of  naval  forces,  for 
catapults  on  aircraft  carriers  and  perhaps  for  torpedo  launch.  Industrial 
and  scientific  applications  are  foreseen  in  such  areas  as  space  launch,  metal 
processing,  equation  of  state  research,  and  perhaps  even  as  a  means  of 
generating  electrical  power  via  impact  fusion. 

Rashleigh  and  Marshall  [1]  at  the  Australian  National  University 
(ANU)  demonstrated  the  feasibility  of  railgun  accelerators  and  in  some 
experiments  used  a  plasma  rather  than  a  solid  conducting  armature,  the 
principal  features  of  which  are  shown  in  figure  1.  Current  work  at  MRL 


FIGURE  1  Characteristics  of  a  plasma  driven  railgun 


is  directed  towards  understanding  and  characterising  such  plasma  armatures 
which  are  used  to  push  projectiles  to  hyper  velocities.  Theoretical  modelling 
by  Thio  [4]  resulted  in  a  simulation  code  called  PARA  ("Plasma  Armature 
Railgun  Accelerator").  The  code  is  dynamic  as  the  state  of  the  plasma  is 
allowed  to  vary  with  time.  The  impedance  of  the  plasma  is  combined  with  the 
impedances  of  the  busbars,  the  rails  and  the  power  source  in  the  circuit 
equation.  When  combined  with  the  equations  of  motion  the  dynamic  parameters 
of  the  launcher  are  determined. 


Some  of  the  experimental  program  at  MRL  has  been  based  on 
simulations  using  the  PARA  code.  A  number  of  differently  constructed  rail- 
type  accelerators  have  been  employed  [5)  and  this  paper  details  the  results  of 
the  device  designated  ERGS-1M  where  the  acronym  "ERGS"  means  "Experimental 
Rail-Gun  System". 


2.  CIRCUIT  DESCRIPTION 

Figure  2  shows  the  experimental  arrangement  of  the  capacitor  bank, 
large  loop  indicator,  spark  gap  switches  and  the  barrel.  Details  and 
specifications  of  the  components  used  in  these  and  other  small  calibre  railgun 
experiments  are  given  in  references  5  and  6. 


-Capacitor  Rack 


FIGURE  2  Arrangement  of  the  Experimental  Rail  Gun  System  (ERGS) 


2. 1  Capacitor  Bank 


Figure  3  shows  the  circuit  for  the  launcher.  The  capacitor  bank  was 
composed  of  thirty  four  78  uF  BICC  capacitors  paralleled  with  a  further 
eighteen  200  uF  Maxwell  capacitors. 

The  inductance  and  resistance  of  the  bank  was  measured  at  909  Hz 
which  was  close  to  the  fundamental  frequency  of  the  circuit. 
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FIGURE  3  Circuit  diagram  for  the  ERGS-1M  system  showing 
component  values  and  circuit  resistances 


2.2  inductor 

The  storage  inductor  was  a  single  elongated  loop  of  50  mm  diameter 
aluminium  bar  held  in  a  wooden  frame  [5].  The  inductance  and  resistance  were 
measured  at  a  frequency  of  909  Hz  and  found  to  be  6.3  uH  and  1.2  m  SI 
respectively. 


2.3  Switches 

Two  simple  arc  switches  were  designed  and  constructed  [5,6].  The 
main  switch  (SI,  Fig.  3)  consists  of  two  copper-tungsten  (75%w,  25%Cu) 
electrodes  aligned  parallel  and  opposite  each  other,  the  space  between  them 
being  a  break  in  the  circuit.  To  close  the  switch  a  spring  loaded  perspex 
plunger  tipped  with  aluminium  foil  was  released  into  the  gap. 
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The  crowbar  switch  (S2,  Fig.  3)  was  of  similar  design  to  the  main 
switch  and  was  positioned  across  the  narrow  end  of  the  capacitor  bank 
transmission  plates.  A  copper  wire  (0.05mm  diameter,  80mm  long)  was 
positioned  on  the  central  plane  of  the  4mm  spacing  of  the  electrodes,  and  each 
end  of  the  wire  was  connected  via  a  diode  to  a  transmission  plate.  Upon 
closure  of  the  main  switch  the  reversing  of  the  capacitor  voltage  after  a 
quarter  cycle  forward  biased  the  diodes  and  exploded  the  copper  fuse  wire. 

The  copper  plasma  filling  the  crowbar  switch  gap  initiated  switch  closure. 


LAUNCHER  COMPONENTS 


Launcher  Body  and  Rails 


The  body  of  the  launcher  (Fig.  4)  was  a  fibre-glass  epoxy-resin 
composite  qualified  under  MIL-P-1 81 77-GEB.  The  launcher  may  be  breech  or 
muzzle  loaded  and  have  either  an  open  or  closed  breech.  All  results  presented 
are  for  an  open  breech. 


-Breach  Block 

(Enable*  Open  or  Closed  Breech) 
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Support  Launcher 


Socket  Connection 
Low  Contact  Resistance  Achieved 
By  Copper  Wedges 


Fibre-Olass  Epoxy-Resin  Composite 


FIGURE  4  ERGS-1M  Barrel  and  Breech  Assembly 


Attachment  of  the  launcher  to  the  busbars  was  by  a  plug  and  socket 
arrangement.  Pressure  was  applied  to  the  junction  by  internal  copper  wedges. 
This  particular  design  was  adopted  so  that  the  barrel  could  be  evacuated, 
however  the  tests  reported  herein  were  all  conducted  at  atmospheric  pressure. 
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The  railgun  bore  size  was  6.00  mm  high  and  7.90  mm  wide.  The  rails 
were  10  x  5  mm  copper  -  0.6%  cadmium  in  the  extruded  work  hardened 
condition.  After  each  firing  the  rails  were  removed  for  metallurgical 
examination  and  a  new  set  installed.  The  dielectric  wall  of  the  bore  was  a 
vulcanised  cellulose  fibre  [5] . 


3.2  Railgun  Inductance 


The  inductance  per  unit  length  (L‘ )  of  the  rails  in  a  railgun  is  one 
of  the  most  important  parameters  to  be  considered,  indeed  its  actual  value 
during  railgun  firings  is  a  subject  of  some  speculation  [7],  To  select  a 
value  for  our  calculations  of  railgun  performance,  inductance  was  measured 
over  a  frequency  range  from  451  Hz  to  20  kHz,  both  with  the  barrel  fully 
assembled  and  with  bolts  and  mounting  brackets  removed.  Variation  in  the 
inductance  was  expected  due  to  the  proximity  effect,  and  the  varying  skin 
depth  in  the  rails  together  with  the  generation  of  eddy  currents  in  any  nearby 
metal  components. 


FIGURE  5  Variation  of  Total  Railgun  inductance  with  respect  to  frequency 
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Muzzle  loadinq  was  used  for  every  firinq  to  ensure  that  the  foil  had 
good  contact  with  both  rails.  Shortinq  of  the  rails  by  the  foil  was  checked 
with  an  ohmmeter  before  each  firing. 


3.4  Foil  Fuse 

Commonly  available  domestic  aluminium  foil  (>99.5%  pure)  was  used  on 
the  rear  of  the  projectile.  The  foil,  0.05mm  thick  was  cut  into  a  rectangle 
44mm  x  6mm  and  folded  in  half  lengthwise  twice.  The  foil,  now  11mm  x  6mm,  was 
glued  to  the  chamfered  face  of  the  projectile  with  cyanoacrylate  adhesive. 

The  average  mass  of  the  foil  was  0.011  ±0.001  g.  The  averaqe  additional  mass 
of  the  glue  used  was  0.006  g. 


4.  DATA  ACQUISITION 


4.1  Voltage  Records 

Each  voltage  was  captured  with  a  Datalab  910  transient  recorder. 
Every  recorder  measuring  voltage  was  electrically  floated  with  mains  power 
being  supplied  via  isolation  transformers.  Attachment  of  the  recorders  to  the 
launcher  was  via  Tektronix  P6015  HV  probes. 

All  recorders  were  externally  triggered  by  opto-isolators,  the 
initial  trigger  pulse  being  derived  from  a  300  mm  diameter  coil  placed  in  the 
inductor.  By  using  the  pre-trigger  facility  of  the  recorders,  data  before  the 
trigger  pulse  were  also  captured. 

Table  1  lists  the  measured  electrical  parameters. 


TABLE  1 


PARAMETER 

SAMPLING  RATE 

OF  DATALAB  DL  910 

TRANSIENT  RECORDERS 

Capacitor  voltage 

0.5  lis 

Current 

M 

Muzzle  voltage 

M 

Breech  voltage 

If 

Position  coils 

0.2  gs 

Position  coils 

If 

Each  record  of  4096  bytes  captured  by  the  recorders  was  accessed  by 
a  PDP  1 1/23  mini  computer  via  an  IEEE  488  data  bus  and  stored  on  hard  disk 
with  floppy  disk  backup. 


4.2  Velocity 


A  calibrated  ballistic  pendulum  placed  2  metres  from  the  muzzle 
recorded  the  momentum  of  the  projectile  from  which  the  velocity  was 
determined.  A  thin  paper  witness  screen  on  the  front  of  the  pendulum 
confirmed  whether  the  projectile  was  intact  or  broken  at  the  instant  of 
hitting  the  pendulum.  Table  3  (page  10)  lists  the  velocities  determined  from 
the  pendulum. 


5.  RESULTS 


Of  the  12  scheduled  firings  ranging  in  voltage  between  3.0  and 
7.0  kV,  there  were  10  firings  from  which  data  were  successfully  recorded. 
Table  2  lists  the  firings. 


TABLE  2 


FIRING 

NO. 

VOLTAGE 

(kV) 

COMMENTS 

* ENERGY 

EXPENDED 

(kJ) 

1 

6.0 

- 

112.1 

2 

4.2 

Premature  firing  of  main  switch 

54.8 

3 

6.0 

- 

111.8 

4 

7.0 

78  yF  capacitor  failure 

- 

5 

4.2 

- 

54.1 

6 

5.0 

- 

76.7 

7 

5.0 

- 

76.7 

8 

7.0 

Crowbar  switch  failure 

- 

9 

7.0 

Cracks  appeared  in  launcher  body 

150.3 

10 

3.0 

2  mm  lengthening  of  crack 

27.8 

1  1 

3.0 

- 

28.0 

12 

7.0 

Significant  crack  displacement 

149.4 

* 


Energy  expended  is  the  initial  stored  energy  in  the  capacitors  minus  the 
residual  energy  remaining  after  the  firing. 


5.1  Capacitor  Voltage 


Fig  7  displays  the  curve  for  firing  number  12;  it  shows  the  DC 
voltage  of  the  charged  bank,  a  spike  at  the  closure  of  the  main  switch,  the 
sinusoidal  decay  to  zero  and  voltage  reversal  leading  to  crowbarring.  From 
the  instant  of  crowbar  there  is  a  low  amplitude  oscillation  in  the  reversal 
region.  The  residual  voltage  on  the  capacitor  after  the  discharge  was  180 
volts.  Table  3  (page  10)  lists  the  initial  and  residual  capacitor  voltages  of 
each  firing. 


CAPACITOR  VOLTAGE 


Close  examination  of  the  exponential  decay  portion  of  the  curve 
shows  a  decrease  in  gradient  occurs  at  the  exit  of  the  plasma  armature.  Hie 
change  indicates  an  increase  in  the  resistivity  of  the  plasma.  This  is 
probably  due  to  the  expansion  of  the  plasma  after  exiting  the  launcher  as  the 
residual  energy  in  the  system  is  dissipated  across  the  muzzle. 


Uncorrected  Rogowski  Belt  Record 


FIGURE  8  Comparison  of  uncorrected  and  corrected  Rogowski 
Belt  Signals,  (Firing  No.  12). 


5.3  Muzzle  Voltage 


Figure  9  displays  a  typical  muzzle  voltage  record  (firing  No.11). 
This  in  effect  is  the  voltage  across  the  plasma  armature  which  also  includes 
any  plasma-rail  interface  voltage  drops.  Features  are  the  zero  voltage 
before  firing,  the  firing  spike  and  a  fast  rising  spike  (as  the  foil  i3  heated 
and  exploded)  which  falls  quickly  to  a  trough.  This  is  followed  by  a  small 
peak,  a  trough  and  then  a  slow  sinusoidal  rise  to  a  peak  which  falls  to  a 
"plateau".  One  of  the  spikes  around  this  region  is  due  to  the  crowbar  switch 
closure.  Following  this  voltage  plateau  there  is  a  sharp  rise  in  voltage 
indicating  the  exit  of  the  plasma  from  the  launcher. 
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FIGURE  9  Muzzle  voltage  record  for  firing  No.  11. 
bank  voltage  was  initially  3  kV 


Capacitor 


We  have  defined  the  interval  from  crowbar  to  plasma  exit  as  the 
"plasma  armature"  region  ie  the  inductively  driven  region.  By  this  time  the 
plasma  armature  has  been  fully  formed  and  the  discharge  appears  to  be 
stable.  Of  particular  interest  in  this  part  of  the  firing  is  that  the 
armature  current  may  fall  by  a  factor  of  two,  while  the  muzzle  voltage  remains 
almost  constant,  or  decreases  slowly.  The  muzzle  voltage  may  be  expressed  as; 


V  =*  IR  +  LI+V  +  V 
A  A  + 


Where. . . , 


Vv- 


-  armature  current 

■  plasma  column  resistance 

■  inductance  of  plasma  column 

•  respective  rail-plasma  interface  voltage  drops 


■S  Lf. 


Within  the  initial  region  of  the  inductive  driven  discharge,  f  would 
be  essentially  constant  and  LA  is  small.  Therefore  to  explain  the  muzzle 
volts  value  with  falling  current,  the  plasma  column  resistance  and/or  the 
rail-plasma  interface  voltages  must  increase.  If  one  assumes  that  the  rail- 
plasma  interface  voltages  are  constant,  then  the  resistivity  of  the  plasma  has 
to  increase.  This  increase  may  be  brought  about  by  the  cooling  of  the  plasma 
as  a  result  of  the  lower  power  input  to  the  armature. 


To  further  investigate  the  behaviour  of  the  armature  (muzzle) 
voltage  the  average  values  of  this  voltage  (in  the  plasma  armature  region) 
were  calculated  from  each  firing.  Simulation  work  has  in  general  been 
conducted  with  the  assumption  of  a  constant  value  for  the  plasma  voltage  drop 
though  there  has  been  some  contention  that  what  happens  in  the  plasma  armature 
region  depends  upon  the  energy  input  to  the  launcher.  To  examine  this  Fig.  10 
is  a  plot  of  the  average  plasma  armature  voltage  against  energy  input  to  the 
launcher  up  to  the  instant  of  crowbar  switch  operation  (see  Fig.  9  for 
reference  points).  Use  of  the  energy  expended  up  to  operation  of  the  crowbar 
switch  may  be  thought  of  as  a  measure  of  energy  to  establish  the  stable 
driving  plasma,  but  the  choice  is  subjective  and  used  here  only  to  show  that 
some  energy  input  parameter  probably  influences  the  ultimate  value  of  armature 
voltage.  The  plot  indicates  that  as  energy  input  increases,  armature  voltage 
increases,  however,  there  are  insufficient  results  to  determine  the  full 
nature  of  the  curve  and  further  experimentation  is  needed. 
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FIGURE  10 


Variation  of  plasma  armature  voltage  with 
respect  to  the  energy  input  which  formed  the 
stable  plasma  armature  region 


The  presence  of  the  same  early  features  in  all  of  our  records  of 
muzzle  voltages  suggests  to  us  that  they  are  associated  with  fundamental 
processes  in  the  formation  of  the  plasma  armature. 


To  pursue  this  belief,  plots  were  made,  on  logarithmic  scales,  of 
the  initial  capacitor  voltage  against  time  to  each  of  the  first  three 
characteristics  labelled  on  Fig.  11(a).  Straight  line  relationships  are 
indicated.  Fig.  11(b). 

A  possibility  is  that  the  initial  rising  spike  is  due  to  the 
increasing  resistance  of  the  foil  as  it  is  heated  and  vapourised  with  the 
subsequent  fall  in  voltage  being  caused  by  the  generation  of  plasma  with  lower 
resistance.  But,  at  this  stage  the  current  is  still  increasing  rapidly  and  it 
more  than  compensates  for  the  resistance  decrease  and  to  a  voltage  increase 
occurs.  However,  if  this  explanation  is  correct,  the  voltage  will  determine 
the  power  input  to  the  foil,  and  the  characteristic  intervals  of  time  will  be 
proportional  to  1/V^.  Our  results  show  that  the  intervals  are  proportional  to 
approximately  1//v.  We  therefore  conclude  that  other  phenomena  are  involved 
to  result  in  this  weak  voltage  dependence  and  better  understanding  of  these 
processes  will  be  needed  to  elucidate  plasma  formation  and  equilibrium 
conditions  as  well  as  associated  rail  damage  mechanisms. 


TIME.  200ajs/  division 

FIGURE  11(a)  Observed  characteristics  of  muzzle  voltage  records 


FIGURE  11(b)  Initial  capacitor  voltage  versus  time  of  occurrence 
for  3  characteristic  features  of  the  muzzle  voltage 
records 


For  completeness  and  so  that  others  may  use  the  data,  Table  4  is  presented  for 
the  current  series  of  experiments. 


15 


TABLE  4 


MUZZLE  VOLTS  CHARACTERISTICS 


CSpocItor 

Voltage 


Characteristic  10  11 


Firing  Nunber 
6  7 


1st  peak  volts 


1st  lot  volts 


d  peak  volts 


lot  volts 


d  peak  volts 


•sao 

192 

48.5 

261 

37.5 

349 

41.5 

298 

37.5 

325 

37.0 

388 

31.5 

290 

31.5 

- 

137 

147 

149 

153 

149 

161 

164 

5B4.5 

88.5 

74.0 

71.0 

71.0 

65.0 

61.0 

63.5 

- 

145 

163 

192 

165 

180 

180 

184 

•109.5 

121.5 

94.0 

87.5 

85.0 

81.5 

75.5 

72.5 

- 

141 

145 

153 

149 

172 

- 

167 

*138.5 

151.0 

157.0 

166.0 

107.5 

- 

- 

- 

- 

196 

194 

- 

228 

239 

243 

- 

•323.0 

304.5 

248.0 

- 

235.5 

246.0 

306.5 

- 

Units 

+tean 
+1  S.D. 

volts 

291 V+65 

ysecs 

volts 

151Vt8 

Usees 

volts 

172V±1 5 

usees 

volts 

1591+12 

ysecs 

volts 

Usees 

*  taken  from  breach  voltage  record  no  muzzle  voltage  reading? 
+  ftote  Standard  Deviation.  Nunber  of  sanples  <  10 


Error  In  time:  t  0.5  ysecs 


unable  to  determl  ne 


5.4  Breech  Voltage 


As  shown  in  Fig.  12  the  form  of  the  breech  voltage  curve  is 
initially  similar  to  that  for  the  muzzle  voltage.  However,  once  the  plasma  is 
established  the  breech  voltage  rises  steadily  until  the  plasma  leaves  the 
launcher  as  indicated  by  the  sharp  rising  exit  peak.  The  rise  in  the  voltage 
is  due  to  increasing  impedance  of  the  launcher  as  the  projectile  travels  away 
from  the  breech  and  to  the  back  emf  generated  by  the  accelerating  projectile 
(see  equation  on  Fig.  12). 


Plasma _ 

exit  spike 


Arcing  across  muzzle 


1  Crowbar  spike 


Firing  spike 


Inductive  driven  region 


V-  =  VM  +  (xR'  *  vll)  I  +  xLI 


FIGURE  12 


TIME,  200^js  /  division 


Breech  voltage  record  for  firing  No.  5. 
Capacitor  was  4.2  kV 


Initial 


5.5  Position  Coils 

Inductive  pick-up  coils  were  placed  on  top  of  the  launcher  to 
provide  a  displacement-time  profile  of  the  projectile  flight  within  the  bore, 
similar  to  the  system  used  by  Barber  [2] .  These  coils  were  made  by  winding  20 
turns  of  38  G(BSS)  double  enamelled  copper  wire  onto  a  1  mm  length  of  a  6  mm 
diameter  nylon  former. 


As  shown  in  Fig.  13  every  second  coil  was  interlinked  to  form  two 
sets  of  three  coils.  Separation  between  coils  was  100  mm,  with  the  first  coil 
290.5  mm  from  the  rear  end  of  the  projectile  at  its  starting  position. 


FIGURE  13  Photograph  of  pick-up  coils 


>  2  ? 


0.5  |- 


0  3  \~ 


'■w  w  ^  — 

III  / 

>  •  >  • 

III  /, 

///  >2 


II  / 1  7kV  firings(MIC  9.  MIC  12) 

I  I  /  1  2  5kV  firings(MIC  6.  MIC  7) 

j  j  /  J  3  4  2kV  firings(MIC  5.  MIC  2) 

III  f  4  3kV  finngs(MIC  10.  MIC  11) 

/  /  /  / 

t  /  /  /  No  results  for  6kV  firing 

's  /  S 


///, 


200  400  600  800  1000 

TIME  (/us) 


FIGURE  14  In  bore  position  of  projectile  versus  time. 
Note:  Each  curve  is  the  best  fit  of  the  results 

from  2  firings.  Repeatibi lity  was  excellent 


In  Figure  14  the  crossover  times  for  each  position  sensor  are 
plotted.  Correlation  between  the  two  records  from  the  pick  up  coils  was  made 
by  the  firing  and  other  spurious  spikes  on  the  record  (fig  15).  Jamison  [8] 
reported  that  the  crossover  appears  to  be  the  current  centroid  in  the 
armature.  Therefore,  all  the  displacement  -  time  curves  will  include  a  small 
error  which  is  dependent  on  the  position  of  the  current  centroid  behind  the 
projectile. 

The  maximum  acceleration  has  occurred  in  the  first  290  mm  of  the 
launcher,  and  after  this  point  velocity  in  each  firing  remains  fairly 
constant.  The  lack  of  significant  projectile  acceleration  after  the  first 
290  mm  (although  current  levels  were  still  high)  indicates  that  significant 
friction  had  developed  between  the  projectile  and  the  bore  at  the  high 
velocities  to  a  value  equal  or  just  less  than  the  electromagnetic  force  (if 
one  assumes  that  the  position  of  the  current  centroid  relative  to  the 
projectile  is  constant) . 


6.  DATA  ANALYSIS 

The  digital  records  of  voltage  and  current  were  used  to  calculate 
instantaneous  power  levels  which  were  integrated  to  yield  the  energy 
dissipation  with  respect  to  time.  The  following  definitions  were  made 

(a)  Instantaneous  Power  Levels 

( 1 )  Breech  power  =  Breech  voltage*Current 

(2)  Muzzle  power  =  Muzzle  voltage*Current 

(3)  "Rail"  power  =  (Breech  Voltage-Muzzle  Voltage) *Current 


(b)  Energy  dissipation  is  the  time  integral  of  the  curves  for  (1),  (2)  and  (3) 
The  "rail"  energy  has  four  components 

(1)  Magnetic  field  of  the  rails 

(2)  Heating  of  the  rails  (resistive  and  magnetic) 

(3)  Stress  and  strain  within  the  rails  and  the  launcher  body 

(4)  Projectile  kinetic  energy 


(c)  We  define  system  and  launcher  efficiencies  as  follows; 


(1)  System  efficiency 


Projectile  kinetic  energy 
Total  energy  dissipated 


(2) 


Launcher  efficiency  = 


Projectile  kinetic  energy _ 

Energy  supplied  up  to  time  of  plasma  exit 


The  energy  supplied  up  to  the  time  of  the  plasma  exit  was  measured 
from  the  breech  energy  dissipation  curves.  Figure  16  is  the  curve  for  firinq 
number  1  (6  kV) .  These  curves  give  a  measure  of  the  actual  energy  delivered 
to  the  launcher  by  the  power  source  during  acceleration  of  the  projectile. 

The  time  interval  from  the  start  of  the  muzzle  (or  breech)  voltage  record  to 
the  start  of  the  exit  spike  was  considered  to  be  the  flight  period  of  the 
projectile  within  the  bore  of  the  launcher.  It  was  the  energy  delivered 
during  this  interval  to  the  launcher  that  determined  the  exit  velocity  of  the 
projectile.  Energy  delivered  after  this  period  was  dissipated  in  the  rails 
and  across  the  muzzle. 
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FIGURE  16  Energy  delivered  to  breech  of  railgun  with  respect  to  time. 
Firing  No.  1,  Initial  Capacitor  Voltage  6.0  kV. 


Table  3  (page  10)  is  a  compilation  of  data  and  calculated  values  for 
each  of  the  firings.  Total  energy  expended  was  calculated  using  the  initial 
and  residual  voltage;  Breech  energy  was  calculated  as  explained  in  (a)  and  (b) 
above,  projectile  velocity  is  the  value  calculated  from  the  ballistic  pendulum 
and  this  is  used  to  calculate  the  projectile  kinetic  energy.  The  system  and 
launcher  efficiencies  given  are  those  calculated  as  explained  above. 


6.1  Energy  Distribution 


Confining  ourselves  to  that  period  of  the  discharge  when  the 
projectile  was  in  the  bore  of  the  gun  we  have  tabulated  the  energy  dissipation 
within  the  various  sections  of  the  launcher,  (Table  5)  and  the  energy 
contained  within  the  magnetic  fields  of  the  inductor  and  the  launcher  at  the 
instant  of  plasma  exit.  The  results  show  that  although  the  energy  delivered 
to  ERGS-1M  increased  by  a  factor  of  more  than  3,  the  muzzle  energy  (energy 
supplied  to  armature)  and  rail  energy  increased  by  factors  of  2  and  7 
respectively.  This  indicates  that  as  power  levels  increase,  rail  losses 
rather  than  plasma  armature  losses  will  dominate  the  losses  within  the 
launcher.  A  further  breakdown  of  the  rail  losses  reveals  that  the  magnetic 
energy  stored  in  the  gun  increased  by  a  factor  of  18  whereas  the  resistive 
losses  only  increased  5  times  (the  mechanical  energy  stored  was  considered 
neglible) . 


7.  MATERIAL  DAMAGE 


7.1  Rails 


The  rails  were  removed  after  each  firing  and  they  relaxed  into  a 
lengthwise  curvature,  concave  on  the  bore  side.  The  degree  of  curvature 
tended  to  increase  with  the  increasing  power  of  the  firing.  Immediately  about 
the  initial  position  of  the  projectile  there  was  significant  surface  melting 
of  the  rails  whereas,  at  the  muzzle  end  there  was  a  feather  like  marking  of 
arc  pits  on  the  rail  surface.  A  detailed  analysis  of  the  rail  damage  will  be 
presented  in  a  separate  report  [9] . 


7.2  Vulcanised  Fibre  Rail  Separators 


The  vulcanised  red  fibre  was  not  replaced  during  the  12  firings. 
Unlike  the  copper  rails  there  was  no  raised  surface  damage  that  would  have 
prevented  the  passage  of  another  projectile.  There  was  some  surface 
discolouration  with  some  small  pitting  and  erosion.  The  surface 
discolouration  was  due  to  the  resin  being  removed  revealing  the  lighter 
coloured  cellulose  fibres.  The  original  surface  texture  was  not  greatly 
altered  by  the  firings  which  means  the  dielectric  material  experiences  only 
mild  surface  temperatures  and  stresses. 


7.3  Projectile 


Projectiles  recovered  from  the  cotton  wool  packing  of  the  ballistic 
pendulum  had  usually  broken  up  into  several  pieces.  However  a  single  hole  in 
the  paper  witness  screen  on  the  front  of  the  ballistic  pendulum  indicated  that 
the  projectile  had  remained  intact  during  the  firing  and  breakup  occurred 
during  deceleration  in  the  pendulum.  The  pendulum  face  was  2  m  from  the 
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muzzle  and  projectiles  travelled  throuqh  dir  for  this  distance.  Hoh-  shape 
variations  on  the  witness  screens  indicated  that  the  projectiles  were 

tumbling. 


7.4  Launcher  Body 

Cracking  of  the  launcher  body  after  several  firings  occurred  at  th 
muzzle  end,  (fig.  18).  Dissection  of  the  cracked  body  revealed  a  section 
within  the  laminations  where  the  epoxy  resin  had  not  penetrated  at 
manufacture.  This  weaker  section  therefore  separated  due  to  the  stresses  of 


FIGURE  17  Photograph  of  cracked  body  at  muzzle  end  of  the  ERGS-1M  railgun 


8.  DISCUSSION 


Although  system  efficiency  was  low,  the  experiments  demonstrated  a 
launcher  efficiency  as  high  as  8.8%.  It  is  believed  that  both  these  figures 
can  be  improved  in  the  existing  lau  icher,  The  main  factors  affecting 
efficiencies  are  (1)  energy  dissipation  in  the  circuit  resistance,  (2) 
dissipation  at  the  muzzle  after  the  exit  of  the  projectile,  (system  efficiency 
only)  and  (3)  dissipation  in  the  switches.  Item  (1)  can  be  reduced  with  a 
more  efficient  inductor  and  improved  coupling  of  the  launcher  to  the  system. 

To  reduce  the  amount  of  muzzle  arcing,  greater  attention  is  required  in 
shaping  the  current  pulse  in  order  to  maximise  the  energy  transfer  to  the 
projectile.  To  achieve  this  in  a  single  or  multiple  segmented  launcher  pulse 


forming  networks  may  be  required.  The  switching  for  the  launcher  would  be 
improved  by  positioning  the  main  switch  on  the  capacitor  bank  side  of  the 
crowbar  switch.  This  will  remove  the  main  switch  voltage  drop  from  the 
circuit  after  the  instant  of  crowbar  and  improve  the  system  efficiency.  The 

system  efficiency  would  also  be  improved  if  the  energy  dissipation  in  the 
switches  was  reduced. 

The  remaining  factors  concerning  the  efficiency  are  the  muzzle 
voltage  losses  and  the  rail  losses.  Lowering  the  muzzle  voltage,  which  is 
large  in  comparison  to  solid  armature  muzzle  volts,  will  improve  the 
efficiency  but  it  must  be  noted  that  it  is  a  relatively  stable  value  and  no 
methods  are  yet  apparent  to  make  significant  reductions.  Increases  in  the 
current  do  not  produce  equivalent  increases  in  the  muzzle  volts,  the  rail 
losses  reveal  that  long  single  segment  railguns  will  waste  energy  resistively 
and/or  by  storing  it  in  the  magnetic  field  of  the  gun.  The  results  indicate 
that  the  concepts  of  multiple  segmented  railguns  or  distributed  energy 
railguns  (11,12]  would  be  more  efficient  in  this  aspect. 

The  experimental  diagnostics  worked  exceptionally  well  providing 
very  clean  records.  Simple  inbore  measurements  of  the  projectile  position 
using  position  coils  proved  to  be  very  reliable.  Accordingly,  it  is  planned 
to  incorporate  coils  over  the  full  length  of  future  launchers  to  record  the 
whole  period  of  acceleration.  If  electromagnetic  interference  becomes  a 
problem  for  the  coils  at  higher  energies,  the  more  intricate  method  of  in-bore 
trip  wires,  as  used  by  Deis  et  al  [10],  may  provide  a  more  noise  immune 
system. 

In  quantifying  the  circuit  parameters,  measurement  of  the  L'  of  the 
assembled  launcher  revealed  that  it  varied  from  0.60  uH/m  to  0.41  uH/m  over 
the  frequency  range  451  Hz  to  20.0  KHz.  Hie  presence  of  such  deviations  will 
have  to  be  considered  in  future  simulation  codes  and  experiments,  especially 
for  segmented  or  distributed  energy  launchers,  as  these  launchers  will  require 
pulses  of  power  whose  frequency  will  increase  as  the  projectile  accelerates 
towards  the  muzzle. 

Examination  of  the  launcher  after  the  firings  revealed  that  the 
vulcanised  red  fibre  was  very  robust.  It  is  interesting  to  note  the  contrast 
in  damage  between  the  red  fibre  and  the  melted  and  bowed  rails.  Both  were 
apparently  subjected  to  the  same  extremes  of  pressure  and  tempera*  ’ve  of  the 
plasma  armature  as  it  accelerated  along  the  bore.  Thus,  the  z  lamace 

incurred  by  the  rails  was  from  the  passage  of  current  across  the  i .  i  plasma 
interface  and  not  from  the  transient  contact  of  the  plasma  itself.  More 
theoretical  and  experimental  study  is  required  in  this  area  to  explain  tV* 
behaviour  of  the  plasma  armature  and  the  transfer  of  current  between  it  and 
the  conducting  rails. 
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CONCLUSIONS 


A  small  calibre  railgun  has  been  successfully  used  to  propel  0.3  g 
polycarbonate  projectiles  up  to  3.3  km/s  from  which  firings  quite  extensive 
diagnostic  data  were  extracted. 


We  have  observed  fairly  steady  armature  voltage  characteristics 
during  projectile  accelerations  and  have  indications  that  the  average  value  of 
this  steady  armature  voltage  is  dependent  on  energy  input  to  the  railgun. 


Calculation  of  acceleration  in  the  bore  of  the  railgun  from  pick-up 
coil  readings  have  indicated  that  friction  losses  in  the  bore  of  small  calibre 
railguns  is  sufficient  to  reduce  acceleration  to  zero  about  300  mm  after  shot 
start. 


Some  calculations  have  been  done  to  provide  a  measure  of  railgun 
efficiency  for  the  present  firings  and  show  that  actual  transfer  of  energy  in 
the  railgun  during  projectile  acceleration  varied  between  about  3.5  and  9%. 
The  major  losses  occur  in  the  magnetic  field  and  resistances  of  the  railgun 
and  circuit,  and  by  frictional  losses  in  the  railgun. 
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ROGOWSKI  BELT  CONSTRUCTION 


A  Rogowski  belt  permits  non-mtrusive  measurement  of  an  alternating 
current  in  a  circuit.  (See  Appendix  B  for  theory) 

The  belt  used  during  the  experiments  was  constructed  from  a  470  mm 
length  of  RG58  coaxial  cable.  The  outer  sheath  and  copper  braid  were  removed 
and  21G(B&S)  double  enamel  copper  wire  was  closely  wound  onto  the  polyethylene 
insulation  over  the  entire  length  giving  approximately  1 3  turns/cm.  Heat 
shrink  tubing  was  placed  over  the  windings  to  hold  them  in  place.  At  one  end, 
the  winding  was  terminated  to  the  central  conductor  in  the  polyethylene.  The 
opposite  end  of  the  belt  was  mounted  into  a  small  perspex  block  on  which  an 
isolated  BNC  (RG47)  connector  had  been  attached.  The  central  conductor  and 
the  winding  terminations  were  soldered  to  the  centre  and  shield  tabs  of  the 
connector  respectively.  The  winding  was  curved  and  held  in  a  circle  by 
fitting  the  unattached  end  of  the  belt  into  the  same  perspex  block  and 
clamping  it  in  place  with  a  nylon  screw,  (fig.  A1 ) . 
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MOUNTING 
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1  ROGOWSKI  BELT 


FIGURE  A1 .  Rogowski  Belt  Experimental  Arrangement 


APPENDIX  B 


i 


ROGOWSKI  BELT  SIGNAL  CORRECTION 

Simple  theory 

In  its  simplest  form  a  Rogowski  belt  is  a  toroidal  coil  placed 
around  a  current  carrying  conductor,  (Fig.  B1 ) . 

The  changing  magnetic  field  B  around  the  conductor  causes  a  changing 
flux  in  the  loops  of  the  Rogowski  belt.  The  voltage  V  induced  in  the  belt  is 
given  by 


N  =  No  of  turns  in  coil 

V  =  /  y  //u HdS  l  =  length  of  coil 

s 

S  =  X' sectional  area  of  turn 
H  =  magnetic  field  strength 


B 


FIGURE  B1 .  A  Simple  Toroidal  Rogowski  Belt  Around  a  Conductor 


Using  Stoke's  theorem  and  Ampere's  law  this  equation  reduces  to:- 


„  N  _  dl 
V  =  I  Sp  dt 


=  k  ^ 
K  dt 


where  k  =  constant 


Thus  the  signal  coming  from  the  Rogowski  belt  is  the  first 
derivative  of  the  current  flowing  in  the  conductor. 


A  detailed  analysis  of  Rogowski  belts  is  given  by  Knoepfel  [B1]. 


Experiment 


In  order  to  record  the  current  and  not  the  derivative,  the  Rogowski 
belt  signal  was  passed  through  a  simple  RC  integrator  which  was  attached  to 
the  input  of  the  transient  recorder. 

Analysing  this  RC  network  (fig.  B2)  the  following  equation  is 

derived. 


V  +  T 
R 


dVR 

=  bv. 

dt  xn 


(1) 


where  :  x  =  bR  C 


b 


— Sa_ 

R  +  R 
R 


Integrating  (1)  w.r.t.  time  and  dividing  by  x  we  get 

V  +  —  /  V  dt  *  — —  /  V.  dt 
R  x  1  R  R  C  ;  in 

Here  V~  was  recorded  and  the  term  —  /  V  dt  is  an  error  term,  x  was 
R  x  J  R 

not  sufficiently  large  in  the  integrator  that  this  term  could  be  neglected. 
This  error  component  was  calculated  from  the  digitised  record  of  VR  and  added 
to  it  to  obtain  the  corrected  record. 
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FIGURE  B2 
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